We report calculations of core excitation energies and near-edge X-ray absorption fine structure (NEXAFS) spectra computed with time-dependent density functional theory (TDDFT). TDDFT with generalized gradient approximation and standard hybrid exchange-correlation functionals is known to underestimate core excitation energies. This failure is shown to be associated with the self-interaction error at short interelectronic distances. Short-range corrected hybrid functionals are shown to reduce the error in the computed core excitation energies for first and second row nuclei in a range of molecules to a level approaching that observed in more traditional excited states calculations in the ultraviolet region. NEXAFS spectra computed with the new functionals agree well with experiment and the pre-edge features in the NEXAFS spectra of plastocyanin are correctly predicted.
I. Introduction
Advances in modern synchrotron sources have provided spectroscopic techniques in the X-ray region with much greater sensitivity and resolution. This has increased the scope of these methods for use as analytical tools, and provided X-ray spectroscopy with a richness in structure that can match more traditional ultraviolet spectroscopy combined with the advantage that X-ray spectroscopy provides a local probe of structure. Currently, near edge X-ray absorption fine structure (NEXAFS) is used in a wide variety of fields, including materials science, surface science and biological chemistry. [1] [2] [3] [4] In the future, it is likely that the application of these techniques will increase, fueling the demand for accurate calculations of core excited states.
A number of different theoretical approaches have been applied to study NEXAFS. Multiple scattering X a methods, 5 static exchange (STEX) 6 and transition potential calculations 7 have been used to study a wide range of systems. More recently, there has been an effort to study the spectroscopy of core electrons within density functional theory (DFT). Accurate core excitation energies and core electron binding energies can be computed with a DKohn-Sham method, 8 wherein the excitation energy is simply the difference in energies from time-independent calculations on the ground and core excited states. Within this approach, some constraint, overlap criterion or intermediate optimization with a frozen core hole is used to prevent the collapse of the core hole during the self-consistent-field procedure for the excited state. [9] [10] [11] [12] However, the calculation of NEXAFS spectra of large systems with a DKohn-Sham approach is problematic because of the very large number of core excited states, and hence separate DFT calculations, that are required. Time-dependent density functional theory (TDDFT) in the adiabatic approximation provides a more efficient approach to computing NEXAFS spectra. Within TDDFT the core excited states can be computed by restricting the single excitation space to include only excitations from a subset of (core) orbitals [13] [14] [15] or using a resonant converged complex polarization propagator approach. 16, 17 The main problem with TDDFT calculations of core excited states is that core excitation energies computed with standard exchange-correlation functionals are too low compared with experiment, and the extent of this underestimation increases with the nuclear charge of the atomic centers on which the core orbitals are localised. This error stems from the approximate exchange within the exchange-correlation functionals. 14, [18] [19] [20] [21] [22] To correct for this error, exchange correlation functionals with increased fractions of Hartree-Fock (HF) exchange, 14, 18, 19 a combination of exchange-correlation functionals, 23 a self-interaction correction 20, 21 and excited state methods that use exact exchange, such as CIS(D), 24 have been proposed. There is an analogy between the calculation of core excited states and the calculation of charge transfer states. The failure of TDDFT to describe charge transfer states is well understood, 25 and the development of range separated hybrid exchange-correlation functionals has provided a solution to the charge transfer problem. In these functionals, the long range part of the exchange energy is usually evaluated primarily or completely using Hartree-Fock (HF) theory and DFT exchange is primarily used for the short range. In recent years, there has been considerable development and optimization of these functionals, [26] [27] [28] [29] [30] [31] [32] [33] [34] resulting in methods that provide accurate excitation energies for valence, Rydberg and charge transfer excited states. 28 However, long-range corrected functionals do not improve core excitation energies, and the predicted values remain too low. 22 This suggests that for core excited states, HF exchange is important in the short to mid range. The opposite splitting of the interelectronic repulsion operator, in which long range DFT is used in conjunction with short range HF, has been implemented. 35 This functional was called a screened hybrid functional and shows promise in the study of periodic systems. [36] [37] [38] Subsequently, a three range functional was introduced to combine the screened hybrid functional with a long-range corrected functional, 39, 40 Recently, Hirao and coworkers optimized the LCgau-BOP method 31 for core excitations. 22 This functional introduces HF exchange at short range through the inclusion of a Gaussian function in the long-range corrected scheme. The resulting functional showed a substantial improvement in the predicted core-excitation energies when applied to first row nuclei. The aim of the present study is to further investigate the characteristics of the range separation that are required for the accurate description of core excitations. The study is unashamedly semiempirical and pragmatic, but the findings are insightful and the resulting functionals are likely to be useful to those interested in computing core excitations.
II. Computational methods
Within the Tamm-Dancoff approximation (TDA) 41 of TDDFT, excitation energies and oscillator strengths are determined as the solutions to the eigenvalue equation
The matrix A is given by 
and e i are the orbital energies, E XC is the exchange correlation functional and K HF ias,jbt is the HF exchange term. Within standard implementations of TDDFT, the calculation of core excited states becomes prohibitively expensive due to the large number of roots required to obtain the high energy core excited states. A practical solution to this problem is to restrict the single excitation space to include only excitations from the relevant core orbital(s). 13, 15, 43 This makes the calculation of core excited states of comparable expense to computing valence excited states whilst introducing a negligible error. 44 For small systems, the error can be evaluated directly by comparing the results from the calculations with the truncation of the excitation space to those from calculations with the full excitation space. For a range of core excitations from 1s orbitals, the largest error observed was 0.01 eV in the excitation energy and 0.011 in the oscillator strength.
where c x is a parameter that can be optimized. The most common approach to achieve the partitioning between long and short components is to split the electron repulsion operator in the evaluation of the exchange energy according to the error function 
Treating the first and third terms of eqn (8) with HF exchange and the remaining terms with DFT exchange leads to the following functional
where
and
If C LHF = 0, the functional yields a short-range corrected analogue of eqn (5) . For this functional the fraction of HF exchange will be C SHF at r 12 = 0, and fall to zero as r 12 increases. This functional has two parameters, C SHF and the attenuation parameter m SR , to be optimized. If C LHF a 0 the fraction of HF exchange approaches C LHF at long range. This form of the functional has four parameters, C SHF , C LHF , m SR and m LR , to be optimized. If m LR = m SR then the functional form is equivalent to the CAM-B3LYP functional of Yanai et al., 27 which has the following partition
and the two functionals can be related via
which results in b being negative for a short-range corrected functional. A further closely related form of a short-range corrected functional is also considered
When m SR = m LR , this functional is equivalent to the SRC-1 functional (eqn (9)). However, if m SR a m LR , the two functionals differ, and the SRC-2 functional no longer corresponds to a rigorous partitioning of the electronrepulsion operator (eqn (8)).
In this work, the exchange functional of Becke was used 45 for treating the DFT contribution to the exchange energy. For the correlation functional the following combination of LYP 46 and VWN 47 functionals was used.
This combination of correlation functionals gives slightly better results than the LYP functional on its own, and the remaining parameters are determined by minimizing the mean absolute error of the computed core excitation energies with experimental data. Standard hybrid functionals, such as B3LYP, are known to provide poor core excitation energies, and are not a good benchmark to demonstrate the improved performance of new exchange-correlation functionals. One option is to use the BHHLYP functional, which has 50% HF exchange. However, while this functional represents a significant improvement over B3LYP, its performance remains relatively poor. In this work, to show the effectiveness of the short-range corrected functionals described, they are compared with a modified version of the B3LYP functional in which the constant proportion of HF exchange is optimized 14 to give the best agreement with the experimental core excitation energies. All calculations were done using the ground state structure optimized at the MP2/cc-pVTZ level. The integration grid was the 100 point Euler-Maclaurin radial grid and the 302 point Lebedev angular grid. Relativistic effects provide an additional complication with the computation of core excited states, leading to a significant lowering of the energy of core orbitals for heavier elements. The effect of relativity was estimated from the lowering of the core orbital energy between non-relativistic and relativistic HF/cc-pCVTZ calculations. This lowering in energy is insensitive to the molecular environment of the core orbital, and the corrections used in this work were derived from atomic calculations since this avoids the need for relativistic calculations on large systems. The relativistic energy was computed with the DouglasKroll-Hess Hamiltonian 48 with the MOLPRO software package. 49 The calculated corrections to the excitation energies are 3.4 eV, 4.6 eV, 5.9 eV, 7.9 eV and 79.7 eV for Si, P, S, Cl and Cu, respectively. Corresponding corrections for the first row elements are much smaller, and have not been included. In this work, all core excitations from second row nuclei have been corrected for relativity. The 6-311(2+,2+)G** basis set was used for all core excitation calculations, and the calculations were performed with a development version of Q-Chem. 50 
III. Results and discussion
Before discussing short-range corrected functionals, it is informative to examine the use of a long-range corrected functional for core excitations. Table 1 shows the calculated excitation energies for a representative subset of the core excited states studied in this work with the standard BLYP functional and its long-range corrected analogue [eqn (5)] with a standard value of m = 0.4a 0
À1
. The excitation energies predicted with BLYP show the well documented large underestimation of the values from experiment. Also shown in Table 1 are calculated BLYP values of the L diagnostic of Peach et al. 51 The values of L are low, consistent with the failure of the generalized gradient approximation functional. Applying the long-range corrected BLYP functional has a small effect on the core excitations to Rydberg orbitals, but does not correct for the large underestimation of the coreexcitation energies relative to experiment. This illustrates that the description of the exchange in the long range is not the critical factor in the failure of TDDFT for core excited states. Tables 2 and 3 show predicted core excitation energies to valence and Rydberg states for a number of first row nuclei with hybrid and short-range corrected functionals. Core excitation energies with the hybrid B3LYP functional are too low, indicating that 20% HF exchange is not sufficient. Overall, B3LYP has a mean absolute deviation (MAD) with experiment of 12.7 eV and 12.9 eV for the valence and Rydberg states, respectively. Previous studies have also shown that a significantly higher proportion of HF is required. 14, 18, 19 Optimizing the proportion of HF exchange in the B3LYP functional on both valence and Rydberg states, yields a value of 58% HF exchange, with a correspondingly reduced proportion of B88 exchange of 39% and 8% Slater exchange. This functional is denoted BH 0.58 LYP. This functional reduces the error in the excitation energies to 0.7 eV and 0.9 eV for the valence and Rydberg states, respectively. These results better represent the level accuracy that a hybrid functional with a fixed fraction of HF exchange can achieve, and provide benchmark values that can be used to assess any rangecorrected functional.
For the short-range corrected functional with no HF exchange at long range, i.e. C LHF = 0, optimization of the parameters for excitations to valence and Rydberg states gives C SHF = 0.57 and m SHF = 0.30a 0 À1 . The variation of the fraction of HF exchange with r 12 is shown in Fig. 1 , and is 57% at r 12 = 0 and falls off slowly as r 12 increases. For the core -valence states the MAD is 0.6 eV, which is marginally better than for the BH 0.58 LYP functional. For the core -Rydberg states there is a larger improvement over BH 0.58 LYP, and the MAD is reduced to 0.5 eV. The largest error is 1.9 eV for the C(1s) -p* excitation in CO.
We now consider introducing HF exchange at long-range. À1 . This form of the functional shows a significant improvement in accuracy of the core -valence states excitations, with the MAD reduced to 0.3 eV and the largest error 0.8 eV for the C(1s) -3s excitation in ethene. The level of accuracy of these functionals is approaching that which is achieved for traditional valence electron excitations, and is significantly more accurate than previously reported methods for computing core excitations from first row nuclei. 8, 18, 22, 24 For a similar set of molecules,
MADs of 0.6 eV, 0.8 eV and 1.2 eV were obtained with TDDFT with the core-valence-Rydberg B3LYP and LCgau-core-BOP functionals, and a modified CIS(D) method, respectively. The variation of the fraction of HF exchange with r 12 (Fig. 1) provides some insight into the origin of this improvement. All the functionals have a fraction of HF exchange at r 12 = 0 of 0.5 to 0.6. For the SRC-1 functional, the fraction of HF exchange in the mid-range is similar to the functional with C LHF = 0. However, at short-range the behaviour is different. 
which is not valid when m SR a m LR . The deviation from this identity is illustrated in Fig. 2 , which shows the variation of erfc(m SR r 12 ) + erf(m LR r 12 ) with r 12 for the optimized SRC-2 functional. The deviation from the identity condition occurs at short-range where erfc(m SR r 12 ) + erf(m LR r 12 ) Z 1. Consequently, there is effectively more exchange at short range, and this is consistent with the absence of the initial rise in the fraction of HF exchange for the SRC-2 form. Recent work by Chai and Head-Gordon identified a conserved region in the mid-range for long-range corrected functionals. 33 These functionals were shown to have about 30% HF exchange at 0.8a 0 . It is interesting to note that Fig. 1 shows that the optimized SRC-2 functional is also consistent with this condition, and is much closer to this point than the functional with C LHF = 0. However, it should be emphasized that these functionals have been designed for computing core excitations and are unlikely to be competitive with the best functionals for thermodynamic properties. It is known that at long-range the correct proportion of HF exchange is 1. The optimized values of C LHF for the short-range functionals differ significantly from this. The reason for this is that the functional form does not have sufficient flexibility to fall from a high value at r 12 = 0 and then rise to unity in a sufficiently narrow range of r 12 and for core excitations the required behaviour at short-range is dominant. Now we consider core excitations from second row nuclei in Table 4 . B3LYP gives a MAD from experiment of over 50 eV. The increase in error for B3LYP is a consequence of the increased nuclear charge. Varying the constant fraction of HF exchange in the hybrid functional gives a value of 71% with an associated MAD of 1.1 eV. This is consistent with previous work which has shown that higher proportions of HF are required for core excitations from second row nuclei. 19 For the short-range corrected functional, the parameters obtained for the first row nuclei are not appropriate for the second row nuclei, and the functionals need to be reoptimized. functionals the MAD reduces to 0.4 eV and the largest error is reduced to 0.9 and 1.0 eV. This slightly larger error compared to the first row nuclei may be associated with the treatment of relativistic effects. For the second row nuclei the magnitude of these effects are significant, and the calculations are likely to benefit from relativistic corrections being incorporated directly into the TDDFT calculations. The variation of the amount of HF exchange with r 12 is shown in Fig. 1 . At short range, all the functionals have similar behaviour. The functionals have a high proportion of HF exchange at r 12 = 0, which falls rapidly as r 12 increases due to the large m SR values. This more rapid fall in the fraction of HF exchange at short-range for second row nuclei is a reflection of the more compact 1s orbitals for heavier nuclei. The functionals begin to differ at around r 12 = 0.8, with the functionals with long range HF leveling off. These functionals provide a high level of accuracy that is comparable to that achieved for the first row nuclei and confirms that introducing HF exchange at short range does correct core excitations computed with TDDFT. The first term in matrix A in eqn (2) is the orbital energy difference which will be dominant for core excitations, and it is informative to consider how these energies are affected by the short and long-range corrections. Fig. 3 shows the change in orbital energies for valence, Rydberg and core orbitals in CO and HCl for short-range and long-range corrected functionals compared BLYP. The long-range corrected functional has m = 0.3a 0 À1 and the short-range corrected functional has the SRC-1 form with C LHF = 0 and the appropriate parameters for first and second row nuclei. The effect of the long-range correction is to increase the unoccupied Rydberg and valence orbital energies slightly. There is also a decrease in the energies of the occupied valence and core orbitals by about 4 eV. Of particular relevance for the calculation of core excitation energies is that the magnitude of the energy change of the core orbitals is much smaller than the errors in the computed core excitation energies and there is no significant difference between the energy changes of the different core orbitals. Similarly, asymptotically correcting the potential would have little effect on the core orbitals and would just lead to an increase in the Rydberg orbital energies. By contrast, the short-range corrected functional has a very significant effect on the core orbital energies which increases with the nuclear charge of the relevant nuclei, and has little effect on the valence orbital energies. Furthermore, the amount the core orbital is lowered in energy is comparable to the underestimation of the core excitation energy (see Table 1 ). These observations, which are to be expected based on the exact exchange operator in the orbital equations, are fully consistent with the results in Tables 2-4 , providing some insight into the different behaviour of short and long-range corrections. Although the orbital energy difference is dominant in eqn (2), the remaining terms cannot be neglected. For core excitations from the second row elements, there remains a significant difference between the orbital energy difference and the computed TDDFT excitation energy. For the Cl(1s) -s* excitation in HCl the orbital energy difference is over 3 eV greater than the computed excitation energy. Fig. 4 shows experimental and computed NEXAFS spectra for four molecules not included in the parameterization of the functionals. The computed spectra have been generated by representing each excitation by a Gaussian function with a full-width at half maximum of 0.3 eV. Carbon K-edge spectra are shown for butadiene and ethane. The computed spectra is evaluated with the SRC-1 functional, which was optimized for the first row excitations. Furthermore, sulfur and silicon K-edge spectra are shown for 1-propanthiol and Si(CH 3 ) 3 Cl, computed with the SRC-1 functional parameterized for the second row excitations. The computed spectra agree well with the experimental spectra, and it is not necessary to apply any shift to the excitation energies.
For butadiene, the calculation reproduces the essential features of the experimental spectrum well. Two peaks at 284.7 eV and 285.4 eV that correspond to C(1s) -p* excitations are predicted. The peak at low energy arises from excitation from the core orbitals on the end carbon atoms, while the peak at 285.4 eV arises from the 1s orbitals of the central carbon atoms. The broader peak at higher energy has contributions from a number of excitations. Peaks at 288.4 eV correspond to excitations to the higher energy p* orbital, while additional peaks arise from excitation to Rydberg 3p orbitals. The experimental spectrum of ethane has a sharp peak at 288.4 eV with a shoulder on the low energy side and a broad band at 291.4 eV, which lies above the ionization threshold. The calculations predict four excitations with non-zero intensity below 289 eV that correspond to excitations to 3s and 3p Rydberg states that lie broadly in agreement with the experimental spectrum. Above the ionization threshold the calculations show a number of significant bands, the most intense of which arises from excitation to a s Ã CÀH orbital. The experimental spectrum for 1-propanethiol has a broad intense peak at 2472 eV, with a very broad band at higher energy above the ionization threshold. The calculations show two intense bands at 2472.8 eV and 2473.6 eV, in good agreement with the first band in the experiment. These excitations correspond to excitations from the 1s orbital of sulfur to virtual orbitals localized on the thiol group. These orbitals are described best as s Ã SÀH and s Ã CÀS consistent with earlier assignment. 52 Two distinct peaks are evident in the experimental spectrum of Si(CH 3 ) 3 Cl. The first peak has been assigned to a Sið1sÞ ! s Ã SiÀCl excitation. 52 The calculations predict an intense band in good agreement with this. The calculations suggest that the second intense band has several contributions. Analysis of the orbitals is less definitive for this transition and suggests that the excitation corresponds to a mixture of excitation to s Ã CÀSi and carbon 3p Rydberg orbitals. Plastocyanin is a copper-containing metalloprotein that is involved in electron transfer. The highest occupied molecular orbital of the active site is a singly occupied orbital that is a mixture of the 3d x 2 Ày 2 orbital of copper and the 3p orbitals of the sulfur ligand. Experiments have shown the pre-edge features in the copper and sulfur X-ray absorption spectra to lie at 8978 and 2469 eV. 3, [53] [54] [55] Using a model of the active site ( Fig. 5 ) and the SRC-1 functional optimized for the second row nuclei with the 6-31(2+,2+)G** basis set, Cu(1s) -3d and S(1s) -3d excitation energies are predicted to be 8977.8 eV and 2469.2 eV, once corrected for relativity. These values reproduce the experimental measurements and are much more accurate than the corresponding B3LYP values of 8863 eV and 2417 eV. It is quite surprising that an accurate value is predicted for the excitation from the copper 1s orbital since copper has a significantly higher nuclear charge than the nuclei used in the parameterization of the functional. This suggests that this functional can be applied to a wider range of systems comprising heavier nuclei than the second row elements, although it performs poorly for the first row core excitations, predicting excitation energies that are too high.
IV. Conclusions
Generalized gradient approximation and standard hybrid exchange-correlation functionals underestimate core excitations. This failure is associated with the approximate description of exchange. The application of long-range corrected functionals do not correct this underestimation of core excitation energies illustrating that the self-interaction at short and mid-range is important. Flexible new expressions for a range-corrected exchange-correlation functional with increased fractions of HF exchange in the short and long range regions were introduced. Optimization of these functionals to predict core excitation energies shows that increased HF exchange in the short range region is important. It has not been possible to find a single functional that corrects both core excitations for first and second row nuclei, and functionals for first and second row nuclei have been optimized separately. The resulting functionals reduce the error in the computed core excitation energies significantly and show what characteristics of range-corrected functionals are important for core excitations. This illustrates the importance of a correct description of the core region, which is not provided by many functionals. Further testing of the functionals to predict NEXAFS spectra for molecules not included in the fitting data shows that the spectra computed with the new functionals are in good agreement with experiment, and reproduce the essential features of the experimental spectra without the need to scale or shift the calculated spectra. Furthermore, the pre-edge features in the X-ray absorption spectra of plastocyanin for the copper and sulfur edges are predicted correctly, suggesting that the functional may be applied to heavier nuclei. These functionals have been designed purely for the calculation of core excitation energies and the associated intensities, and have not been tested on the prediction of other molecular properties. Recent work has shown that long-range corrected functionals designed to give accurate valence excitation energies can lead to poorer results for ground state properties. 74 However, if short-range corrected functionals only affect the core orbitals and leave the valence orbitals unchanged, then it is more likely the performance of the functional for other properties can be maintained. This is consistent with very recent work involving short-range corrected functionals. 75 Furthermore, the functionals may improve results for other properties which are influenced by the core region. We are currently investigating this further.
